Mdj1p, a DnaJ homolog in the mitochondria of Saccharomyces cerevisiae, is involved in the folding of proteins in the mitochondrial matrix. In this capacity, Mdj1p cooperates with mitochondrial Hsp70 (mt-Hsp70). Here, we analyzed the role of Mdj1p as a chaperone for newly synthesized proteins encoded by mitochondrial DNA and for nucleus-encoded proteins as they enter the mitochondrial matrix. A series of conditional mutants of mdj1 was constructed. Mutations in the various functional domains led to a partial loss of Mdj1p function. The mutant Mdj1 proteins were defective in protecting the tester protein firefly luciferase against heat-induced aggregation in isolated mitochondria. The mitochondrially encoded var1 protein showed enhanced aggregation after synthesis in mdj1 mutant mitochondria. Mdj1p and mt-Hsp70 were found in a complex with nascent polypeptide chains on mitochondrial ribosomes. Mdj1p was not found to interact with translocation intermediates of imported proteins spanning the two membranes and exposing short segments into the matrix, in accordance with the lack of requirement of Mdj1p in the mt-Hsp70-mediated protein import into mitochondria. On the other hand, precursor proteins in transit which had further entered the matrix were found in a complex with Mdj1p. Our results suggest that Mdj1p together with mt-Hsp70 plays an important role as a chaperone for mitochondrially synthesized polypeptide chains emerging from the ribosome and for translocating proteins at a late import step.
Heat shock proteins of the Hsp70 and Hsp60 family fulfill important functions as molecular chaperones during mitochondrial biogenesis (reviewed in references 7, 30, 55, and 69). Mitochondrial Hsp70 (mt-Hsp70) is an indispensable constituent of the mitochondrial protein import machinery and plays a role in the folding and assembly of newly imported and mitochondrially synthesized proteins (21, 25, 32) . Furthermore, mt-Hsp70 cooperates with the PIM1 protease in the degradation of misfolded proteins in the matrix and is involved in the protection of proteins against heat-induced aggregation (38, 64) . Hsp60 is thought to accept incompletely folded proteins from mt-Hsp70 and to mediate the folding to the native state and the assembly into oligomeric complexes (5, 32, 36, 41) .
The activity of bacterial Hsp70, DnaK, is modulated by two cochaperones, DnaJ and GrpE (13) . DnaJ appears to mediate the efficient binding of DnaK to substrate proteins by two activities. It has a targeting function for the binding of DnaK to the substrate (29, 57, 68) , and it stimulates the ATPase activity of DnaK, thereby converting DnaK to the ADP-bound form, which has a high affinity for the substrate (31, 33, 37, 57) . DnaJ possesses a characteristic domain structure (8, 52) . The Nterminal 78 amino acids form the J domain, which is necessary to stimulate DnaK's ATPase activity (56, 65) . The G/F region adjacent to the J domain is rich in glycine and phenylalanine residues. It has been proposed to form a flexible linker to the C-terminal part of the protein and to mediate the binding of DnaK to the substrate (66) . A four-times-repeated CxxCxGxG motif in the central part of DnaJ forms two zinc fingers and is important for the binding of DnaJ to substrate proteins (56) . GrpE is a nucleotide exchange factor for DnaK (31) . The GrpE-mediated release of bound ADP from DnaK and subsequent rebinding of ATP are thought to promote dissociation of the substrate protein from DnaK; upon rebinding of ATP, DnaK is recycled to the form competent for binding the substrate (33, 57) . In this manner, DnaK, DnaJ, and GrpE cooperate in a variety of processes, such as bacteriophage DNA replication (1, 71) , protein folding (29) , protection against heat stress (48) , regulation of heat shock response (12) , translocation of proteins across membranes (18, 70) , and protein degradation (54) .
Homologs of DnaJ and GrpE have recently been identified in the mitochondria of the yeast Saccharomyces cerevisiae (3, 24, 28, 43) . Mitochondrial GrpE, Mge1p (also termed GrpEp or Yge1p), cooperates with mt-Hsp70 during import and protein folding in mitochondria (27, 38, 63, 67) . Mge1p is thought to recycle mt-Hsp70 to the substrate-binding-competent form, and it presumably regulates the release of substrate protein from mt-Hsp70 in a manner similar to that previously described for the bacterial system (27, 67) . Mitochondrial DnaJ, Mdj1p, is involved in protein folding and cooperates with mtHsp70 in mediating the degradation of misfolded proteins by the PIM1 protease and the protection against heat-induced protein aggregation (38, 43, 64) . Whereas mt-Hsp70 and Mge1p are essential for protein import, this is not true for Mdj1p (43) . During import, mt-Hsp70 cooperates with another protein, Tim44, a component of the import machinery of the mitochondrial inner membrane (26, 39, 47) . The binding of mt-Hsp70 to the incoming polypeptide and the formation and dissociation of the mt-Hsp70-Tim44 complex are nucleotidedependent reactions (47) and are regulated by Mge1p (67).
However, Mdj1p has not been found to be involved in these processes.
In the present study, we investigated at which step Mdj1p becomes active in the folding of mitochondrially synthesized and newly imported proteins. To analyze the role of Mdj1p in the biogenesis of proteins encoded by mitochondrial DNA, conditional mutants of Mdj1p were constructed. Here we show that the activity of Mdj1p is required to prevent the misfolding of at least one mitochondrially synthesized protein in S. cerevisiae and that both Mdj1p and mt-Hsp70 are in a complex with nascent chains at mitochondrial ribosomes. Furthermore, we present evidence that Mdj1p already binds to imported polypeptide chains as they are crossing the mitochondrial membranes. These findings attribute to Mdj1p the important role of a chaperone for growing polypeptide chains emerging from the ribosome or the import channel.
MATERIALS AND METHODS
Recombinant DNA techniques and plasmid constructions. Standard methods were used for the manipulation of DNA (44) . To obtain the construct for disruption of the MDJ1 gene (pBWM6), the BamHI fragment of the HIS3 gene was inserted into the BamHI sites of pMDJ315 (43) ; consequently, a part of the promoter and most of the open reading frame of MDJ1 were removed. For expression in S. cerevisiae, the HindIII-SacI fragment of pMDJ315 was subcloned into the multicopy vector pRS426 (6) containing the URA3 marker (pBWM11) and into the centromeric vectors pRS316 and pRS314 (51) containing the URA3 and TRP1 marker, respectively (pBWM7 and pBWM13, respectively).
Oligonucleotide-directed mutagenesis was performed as previously described (1a). The mutated mdj1-2, mdj1-5, and mdj1-6 alleles were subcloned into pMDJ315, and mdj1-3 was subcloned into pBWM7. mdj1-7 was generated by removal of the XcmI restriction fragment of pBWM13 and religation of the plasmid.
Yeast strains and construction of conditional mdj1 mutants. Standard genetic techniques were used for the growth and manipulation of yeast strains (15) . The transformation of yeast strains was carried out as described elsewhere (14) .
The parental strain for the isolation of mdj1 mutants was W303␣ (MAT␣ his3 leu2 trp1 ura3 ade2-1 can1-100). The MDJ1 gene was deleted by transformation with pBWM6, and the integration of the disrupting fragment was confirmed by Southern blotting (data not shown). The resulting strain was mated with W303a, yielding the diploid strain YBW13. For the construction of mutant strains with the mdj1 alleles obtained after site-directed mutagenesis, YBW13 was transformed with the yeast expression plasmids carrying the mutant alleles (see above). After tetrad dissection, haploid strains which carried a deleted genomic copy of MDJ1 and the mutated version on the plasmid were isolated.
For the isolation of temperature-sensitive mdj1 mutants after random mutagenesis, YBW13 was transformed with pBWM11 and by tetrad analysis a haploid strain carrying a deleted genomic mdj1 allele and the wild-type MDJ1 gene on a multicopy plasmid with the URA3 gene as a counterselectable auxotrophic marker was isolated. This strain (YBW16) is [rho ϩ ] and was used as a recipient for mutagenized MDJ1 DNA in a plasmid shuffling experiment. After hydroxylamine mutagenesis (15) , pMDJ315 was transformed into this strain, and after counterselection against pBWM11 on 5-fluoro-orotic acid (2), 3,000 transformants were screened for conditional growth by replica plating on yeast extract-peptone-glycerol (YPG) medium at 25 and 37ЊC. One temperature-sensitive mutant (mdj1-4) was obtained. DNA was isolated from this strain and introduced into Escherichia coli for amplification. The obtained plasmid was used for retransformation into the original recipient in order to confirm in a second plasmid shuffling experiment that the temperature-sensitive phenotype was plasmid linked. The mutant allele was sequenced with Sequenase (United States Biochemical Corporation) according to the manufacturer's protocol by using internal primers.
The isogenic wild-type, [rho 0 ], and ⌬mdj1 control strains were as described earlier (43) .
Synthesis of radiolabeled proteins and import in vitro. Radiolabeled precursor proteins were synthesized in reticulocyte lysate (Promega) as previously described (53) . For the synthesis of dihydrofolate reductase (DHFR) fusion proteins, 1 M methotrexate (MTX) was added to the translation reaction mixture.
Cell cultures were grown in lactate medium at 25ЊC, and the isolation of mitochondria was performed as previously described (19) . The import of precursor proteins into mitochondria and blockage of import with MTX were carried out as previously described (67) . To reduce the matrix ATP level, mitochondria were washed with SMKCl (250 mM sucrose, 10 mM MOPS [morpholinepropanesulfonic acid]-KOH [pH 7.2], 80 mM KCl) after import and resuspended in fresh import buffer without ATP and NADH, and 10 U of apyrase per ml was added for the second incubation. After sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), blotting to nitrocellulose, and autoradiography, data were quantified by densitometry (Ultroscan XL; Pharmacia).
Preparation of antiserum and coimmunoprecipitation. The entire coding region of MDJ1 was subcloned into the E. coli expression vector pQE9 (QIAGEN), and the recombinant protein was purified as inclusion bodies according to the instructions of the manufacturer. Antiserum against Mdj1p was prepared in rabbits and affinity purified as previously described (16) .
Coimmunoprecipitation was performed essentially as previously described (64) . The buffer for lysis of mitochondria and coimmunoprecipitation was 25 mM Tris-HCl (pH 7.5)-137 mM NaCl-2.7 mM KCl-10% glycerol-0.5% Triton X-100.
Aggregation assays for heat-denatured luciferase and in organello-translated var1. The aggregation assay for heat-denatured luciferase was carried out as described previously (38) . In organello translation of mitochondrially encoded proteins and the aggregation assay for var1 were performed as described earlier (21) .
Cross-linking of nascent chains to chaperone proteins. Mitochondrial translation products were labeled for 15 min at 37ЊC as previously described (21) . Then 200 M 1,5-difluoro-2,4-dinitrobenzene (DFDNB) was added; after incubation for 15 min at 37ЊC, the cross-linking and labeling reactions were stopped by the addition of 100 mM glycine and 20 mM unlabeled methionine. After a subsequent incubation for 2 min, 40 M puromycin was added to release nascent chains from the ribosomes. After incubation for another 2 min, mitochondria were reisolated and washed and immunoprecipitation was carried out as previously described (20) .
RESULTS
Isolation of conditional mdj1 mutants. The deletion of the MDJ1 gene leads to a temperature-sensitive growth phenotype and to the loss of mitochondrial DNA; i.e., cells become [rho 0 ] (43). In order to study the role of Mdj1p in processes depending on the presence of mitochondrial DNA, a series of conditional mutants of MDJ1 was constructed. Two approaches were taken to isolate mdj1 mutants. First, mutations in all functional domains of Mdj1p were constructed by site-directed mutagenesis. Second, temperature-sensitive mutants of MDJ1 were isolated in a screen after random mutagenesis (for details, see Materials and Methods). Altogether six different mutants which showed altered growth characteristics in comparison to those of the wild type (mdj1-2 to mdj1-7) were obtained ( Fig.  1) .
Two mutations in the J domain were generated by sitedirected mutagenesis. The replacement of the highly conserved H-89 with Q in Mdj1-2p corresponds to the E. coli dnaJ259 mutant. In E. coli, the mutant protein is inactive in the DNA replication assay and unable to stimulate the ATPase activity of DnaK (65) . The corresponding exchange in Mdj1-2p has a similarly severe effect. The growth phenotype of the mdj1-2 mutant is the same as that of the mdj1 deletion mutant ( ] tester strain (data not shown). The replacement of the conserved A-108 with T in Mdj1-3p corresponds to the mutation in Sec63-1p (34, 42), a temperature-sensitive form of a DnaJ homolog in the endoplasmic reticulum membrane of S. cerevisiae. At nonpermissive temperatures, Sec63-1p is unable to support protein translocation into the endoplasmic reticulum and the interaction with the endoplasmic reticulum lumenal Hsp70, BiP, is disturbed (4, 42) . In the mdj1-3 mutant, only minor growth defects, namely, temperature-sensitive growth only on nonfermentable carbon sources, were observed (Fig. 1B) . Interestingly, the same mutation together with two additional amino acid exchanges (A-98 to T in the J domain and G-143 to D in the G/F region) was also present in the mdj1-4 mutant, which was isolated after random mutagenesis and which has a stronger phenotype than that of mdj1-3 ( Furthermore, short deletions of conserved sequences in the C-terminal half of Mdj1p were generated by site-directed mutagenesis. In mdj1-5, the third CxxCxGxG motif and the first cysteine of the fourth motif were removed by the deletion of amino acids 269 to 285. The deletion of amino acids 372 to 379 in mdj1-6 removed a sequence containing an AALGG motif which is conserved in E. coli and several other homologs. The mdj1-7 allele contains a larger deletion close to the C-terminal end of the protein (amino acids 411 to 450). All three mutations led to temperature-sensitive growth on fermentable and nonfermentable carbon sources (Fig. 1B) , attributing an important function to the C-terminal half of Mdj1p. For these alleles, retarded growth on nonfermentable carbon sources was already observed at 25ЊC. The content of mitochondrial DNA in mutant cells was normal at this temperature, as checked by fluorescence microscopy of DAPI (4Ј,6-diamidino-2-phenylindole)-stained cells (data not shown). Therefore, the observed growth defects were most likely due to compromised chaperone functions of Mdj1p and not to the loss of mitochondrial DNA.
All mutant proteins were expressed to wild-type levels, as determined by Western blotting (immunoblotting; data not shown). To check whether the mutant proteins were properly folded or whether the mutations led to misfolding, the proteins were tested for solubility and protease resistance. All proteins were largely soluble, and after limited proteolysis with trypsin and subsequent immunoblotting, no major changes in the fragment pattern were observed (data not shown). Therefore, we assumed that the mutant proteins were folded to the native conformation.
Heat-induced aggregation of luciferase. Mdj1p plays an important role in the prevention of heat-induced protein aggregation. We have previously reported that mitochondria from the mdj1 deletion strain showed enhanced aggregation kinetics of firefly luciferase at elevated temperatures (38) . This assay was used here to analyze the phenotypes of the conditional mdj1 mutants in organello.
Firefly luciferase fused to the mitochondrial presequence of subunit 9 of the F 0 -ATPase from Neurospora crassa was synthesized in vitro in the presence of [ 35 S]methionine and imported into isolated mitochondria at 25ЊC. After digestion of nonimported material with proteinase K, mitochondria were shifted to 40ЊC for different periods. Then the amounts of soluble and insoluble luciferase were assessed. Enhanced aggregation kinetics were observed in mdj1-3 to mdj1-7 mitochondria compared with mitochondria from the isogenic wildtype and [rho 0 ] strains (Fig. 2) . The observed phenotypes in all mutants were similar. Thus, all the different functional domains of Mdj1p appear to be important for the protection of luciferase against heat-induced aggregation.
Mdj1p protects the mitochondrially encoded var1 protein against aggregation. The temperature-sensitive mutants were employed to test whether Mdj1p plays a role in the biogenesis of mitochondrially synthesized proteins. Mitochondrial protein synthesis was analyzed by the translation of proteins in isolated organelles in the presence of ] strains were grown in liquid minimal medium (SD) overnight at 25ЊC. Then 10-fold serial dilutions were spotted onto yeast extract-peptone-dextrose (YPD) plates (2% glucose) and YPG plates (3% glycerol). YPD plates were incubated for 3 days at 25ЊC or for 2 days at 37ЊC; YPG plates were incubated for 5 days at 25ЊC or for 3 days at 37ЊC. VOL. 16, 1996 FUNCTIONAL ANALYSIS OF MITOCHONDRIAL DnaJ 7065 lation was observed at both 25 and 37ЊC in all mutant mitochondria tested, implying that Mdj1p function is not absolutely required for the translation process per se (data not shown). In S. cerevisiae, var1 is the only non-membrane-integrated protein encoded by mitochondrial DNA. To test whether Mdj1p plays the role of a chaperone for newly synthesized proteins, the aggregation of the var1 protein in conditional mutants was analyzed. In organello translation was performed in mitochondria isolated from the mdj1 mutants and the isogenic wild type. After translation at 25 or 37ЊC, mitochondria were lysed and soluble and insoluble materials were separated by centrifugation. A strongly enhanced aggregation of var1 was found in all mdj1 mutant mitochondria. After translation at 25ЊC, 15 to 35% of newly synthesized var1 was observed in the insoluble fraction in comparison to 7% in wild-type mitochondria (Fig.  3) . At 37ЊC, 25 to 75% of the newly translated var1 was aggregated in the mitochondria from mdj1 mutants, whereas it remained largely soluble in the wild type (Fig. 3) . We conclude that at least in the case of var1, Mdj1p plays the role of a chaperone for newly synthesized proteins in mitochondria. In this capacity, it apparently cooperates with mt-Hsp70, which has been shown earlier to be required in the same process (21) . Mdj1p and mt-Hsp70 are in a complex with nascent polypeptide chains. We asked whether Mdj1p and mt-Hsp70 bind to nascent chains on mitochondrial ribosomes or whether they exert their function as chaperones only after the translation has been completed. In organello translation was performed in wild-type mitochondria. After 15 min, the time of maximum translation activity, the chemical cross-linker DFDNB was added, and translation was allowed to proceed for an additional 15 min at 37ЊC. The cross-linking reaction was stopped by the addition of glycine, and puromycin was added to release nascent chains from the ribosomes. Mitochondria were lysed with detergent, and then immunoprecipitation was performed with antibodies against Mdj1p and mtHsp70 and with preimmune serum. Cross-linking products with a broad distribution of high molecular weights were precipitated with antisera against Mdj1p and mt-Hsp70 (Fig. 4) . These cross-linking products were not seen when preimmune serum was used or after immunoprecipitation without a crosslinker. Similar results were obtained with the cross-linkers disuccimidyl glutarate and disuccimidyl suberate and after translation at 25ЊC (data not shown). The cross-linked translation products represent incomplete polypeptide chains bound to the chaperone proteins, as completely translated proteins would appear as distinct bands on a gel. Furthermore, incomplete chains cofractionate with translating ribosomes on sucrose gradients (21); therefore, we assume that nascent chains at ribosomes are bound by Mdj1p and mt-Hsp70. This notion is supported by the observation that a fraction of the chaperone proteins themselves cofractionates with translating ribosomes (data not shown). We conclude that both Mdj1p and mt-Hsp70 are in a complex with nascent polypeptides and presumably prevent unproductive folding reactions during translation.
Mdj1p is in a complex with unfolded proteins in the matrix but not with short preproteins emerging from the import channel. Mdj1p is not absolutely required for the import of nucleus-encoded preproteins (43) . Nevertheless, it might bind to translocating chains and assist mt-Hsp70 during import and subsequent steps in the folding of polypeptide chains before translocation into the matrix is completed. We addressed the question at which step Mdj1p becomes involved in import and/or folding reactions of translocating precursor proteins.
It has been noted that mt-Hsp70 interacts differently with precursor proteins entering the matrix than it does with completely imported proteins. The stable interaction of mt-Hsp70 with short translocation intermediates just reaching into the FIG. 2. Aggregation of luciferase is enhanced in mdj1 mutant mitochondria. Radiolabeled subunit 9-luciferase was imported into mitochondria, and nonimported material was digested with protease. Mitochondria were then shifted to 40ЊC for the periods indicated. After lysis of mitochondria, aggregated material was separated from soluble proteins by centrifugation. Both the soluble and insoluble fractions were analyzed by SDS-PAGE, blotting to nitrocellulose, and autoradiography. Quantification of mature-sized luciferase was done by densitometry scanning. The amount of total imported luciferase in each case was set to 100%, and aggregated material was expressed as the percentage of total species present in the matrix.
FIG. 3. Newly synthesized var1
shows enhanced aggregation in mdj1 mutant mitochondria. Isolated mitochondria from conditional mdj1 mutants and the isogenic wild type were preincubated for 10 min at 25 or 37ЊC. After the addition of [ 35 S]methionine, mitochondria were incubated for another 20 min at 25 or 37ЊC to allow the labeling of mitochondrially synthesized proteins. After the addition of an excess of unlabeled methionine, mitochondria were washed and lysed and aggregated protein was sedimented by centrifugation. Both the soluble and insoluble fractions were analyzed by SDS-PAGE, blotting to nitrocellulose, and autoradiography. Bands were quantified by densitometry scanning. The amount of total labeled var1 was set to 100%, and aggregated var1 was plotted as a percentage of the total.
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WESTERMANN ET AL. MOL. CELL. BIOL. matrix space requires high matrix ATP levels, whereas the binding to completely imported proteins is stabilized at high levels of ADP (60, 61). These differences could reflect differences in Mdj1p involvement. We analyzed the import of the tester protein pSu9(1-79)-DHFR, a fusion protein consisting of the N-terminal 79 amino acid residues of N. crassa F 0 -ATPase subunit 9 preceding the complete mouse DHFR, and pSu9(1-69)-DHFR mut , a chimeric protein consisting of the subunit 9 presequence and a mutant version of DHFR which cannot fold into a stable state even in the presence of the substrate analog MTX (59). pSu9(1-79)-DHFR was arrested as a membrane-spanning translocation intermediate by stabilizing the DHFR domain with MTX. pSu9(1-69)-DHFR mut became completely imported into the matrix and processed to the mature form in the presence of MTX. The samples were divided into halves, and mitochondria were reisolated from each half and then subjected to a second incubation. With one half, the matrix ATP level was kept high, whereas the other half received apyrase to reduce the matrix ATP level. Subsequent coimmunoprecipitation of the translocation intermediate pSu9(1-79)-DHFR with antiserum against mt-Hsp70 was more efficient at high matrix ATP levels than at low ATP levels. In contrast, the binding of mt-Hsp70 to the unfolded substrate protein in the matrix, mSu9(1-69)-DHFR mut , was stabilized by low ATP levels (Fig. 5A) .
To test the possible involvement of Mdj1p in this process, pSu9(1-79)-DHFR and pSu9(1-69)-DHFR mut were imported simultaneously in the presence of MTX. After lowering the matrix ATP level, Mdj1p was found in a complex with completely imported mSu9(1-69)-DHFR mut . However, it could not be detected in a complex with the translocation intermediate, pSu9(1-79)-DHFR, though coimmunoprecipitation with antibodies against mt-Hsp70 was observed under these conditions (Fig. 5B) . Moreover, there was no detectable coimmunoprecipitation of pSu9(1-79)-DHFR with Mdj1p at high matrix ATP levels, conditions which promote the interaction of mtHsp70 with the incoming chain (Fig. 5B) . It cannot be completely ruled out that the lack of binding of Mdj1p to short translocation intermediates reflects a lack of binding sites exposed to the matrix. On the other hand, the binding of Mdj1p to mSu9(1-69)-DHFR mut was nucleotide dependent and paralleled the binding of mt-Hsp70. Therefore, the association of Mdj1p with mSu9(1-69)-DHFR mut most likely reflects the presence of Mdj1p and mt-Hsp70 in the same complex with substrate. The assumption that a stable ternary Mdj1p-mtHsp70-substrate complex is formed is supported by the observation that the binding of Mdj1p to mSu9(1-69)-DHFR mut was FIG. 4 . Mdj1p and mt-Hsp70 are in a complex with nascent chains at mitochondrial ribosomes. Mitochondrial translation products were labeled by incubation of isolated wild-type mitochondria for 15 min at 37ЊC in the presence of [ 35 S]methionine. Then the chemical cross-linker DFDNB was added, and translation was allowed to proceed for another 15 min. Cross-linking and labeling were stopped by the addition of 100 mM glycine and an excess of unlabeled methionine. Nascent chains were released from the ribosomes by the addition of puromycin, and mitochondria were reisolated and washed. Then mitochondria were lysed, and after a clarifying spin, the mitochondrial extracts were used for immunoprecipitation with specific antisera against Mdj1p and mt-Hsp70. After SDS-PAGE and autoradiography, cross-linked nascent chains appeared as a high-molecular-weight smear on the gel. The eight mitochondrially encoded proteins appeared as distinct bands after the completion of synthesis. The largest of these proteins, var1, is seen as a band of ca. 45 kDa. Lanes 1, 3, 5, and 7, controls without (Ϫ) the addition of cross-linker; lanes 1 and 2, mitochondrial extract (10% of the material used for immunoprecipitation); lanes 3 and 4, immunoprecipitation with specific antiserum against Mdj1p (␣Mdj1p); lanes 5 and 6, immunoprecipitation with specific antiserum against mt-Hsp70 (␣70); lanes 7 and 8, immunoprecipitation with preimmune serum (PIS). ϩ, addition of DFDNB.
FIG. 5. mt-Hsp70 and Mdj1p bind differently to unfolded proteins in the matrix and precursor proteins emerging from the import channel. (A) Su9
(1-69)-DHFR mut and Su9(1-79)-DHFR were imported into isolated wild-type mitochondria for 15 min at 25ЊC in the presence of MTX. After being washed, mitochondria were subjected to a second incubation for 15 min at 25ЊC either with an ATP-regenerating system (ϩATP) or with 10 U of apyrase per ml ϪATP). After reisolation and lysis, coimmunoprecipitation with antiserum against mt-Hsp70 was performed. With preimmune serum, no coimmunoprecipitation was observed (data not shown). Total import, 10% of mitochondrial extract used for immunoprecipitation; ␣70, immunoprecipitation with antiserum against mt-Hsp70; p, i, and m, precursor, intermediate-size, and mature forms of DHFR fusion proteins, respectively. (B) Import and immunoprecipitation were carried out as described for panel A, with the exception that Su9(1-69)-DHFR mut and Su9(1-79)-DHFR were imported simultaneously. Total import, 2% of mitochondrial extract used for immunoprecipitation; ␣70, immunoprecipitation with antiserum against mt-Hsp70; ␣Mdj1p, immunoprecipitation with antiserum against Mdj1p; PIS, immunoprecipitation with preimmune serum; p, i, and m, precursor, intermediate-size, and mature forms of DHFR fusion proteins, respectively.
VOL. 16, 1996 FUNCTIONAL ANALYSIS OF MITOCHONDRIAL DnaJ 7067 most strongly reduced in mitochondria isolated from the mdj1-2 strain (data not shown). This mutant carries a mutation in the J domain, which is thought to interact with Hsp70. These findings imply that Mdj1p and mt-Hsp70 cooperate in binding to substrates in the matrix in an ATP-dependent manner. However, Mdj1p could not be detected in a complex with substrate in the case of the arrested polypeptide chain. Su9(1-86)ϩ66-DHFR was employed as another tester protein to investigate the binding of Mdj1p to a translocating polypeptide that exposes only short segments to the matrix space. This chimeric protein consists of the N-terminal 86 amino acids of the presequence of N. crassa F 0 -ATPase subunit 9 fused to a 66-amino-acid linker and DHFR (60) . Upon import in the presence of MTX, Su9(1-86)ϩ66-DHFR is processed to the mature form, leading to a translocation intermediate of similar length compared to pSu9(1-79)-DHFR. As with pSu9(1-79)-DHFR, only negligible amounts of arrested mSu9(1-86)ϩ66-DHFR could be coprecipitated with Mdj1p (less than 0.05% of total; data not shown).
These results suggest that Mdj1p cooperates with mt-Hsp70 in binding unfolded protein substrates in the matrix, whereas the binding of mt-Hsp70 to preproteins just emerging from the import channel seems to be independent of Mdj1p.
Mdj1p binds to incoming preproteins at a late stage during import. We asked whether Mdj1p binds to incoming precursor proteins during import or whether such an interaction occurs only after the protein has been completely imported into the matrix. Coimmunoprecipitation with preproteins which, when arrested, expose longer segments into the matrix than pSu9(1-79)-DHFR was tested. Mitochondria with stalled DHFR fusion proteins were subjected to a second incubation to reduce matrix ATP levels, and coimmunoprecipitation with antibodies against Mdj1p was performed. The following substrate proteins were used: pSu9(1-69)-DHFR mut , representing a substrate protein which is completely imported into the matrix (see above); pSu9(1-79)-DHFR, a control for a short translocation intermediate (see above); pb 2 (167) RIC -DHFR, a protein consisting of DHFR fused to the N-terminal 167 amino acids of cytochrome b 2 , which contain a mutation directing the protein to the matrix space (49); and pFeS(1-215)-DHFR, a chimeric protein containing the N-terminal 215 amino acids of the Rieske iron sulfur protein from S. cerevisiae and DHFR (9a). The accumulation of precursor proteins carrying wildtype DHFR moieties in the form of membrane-spanning translocation intermediates in the presence of MTX and the complete transfer of pSu9(1-69)-DHFR mut into the matrix were controlled by protease treatment of mitochondria after import (Fig. 6A) . Su9(1-69)-DHFR mut as well as pFeS(1-215)-DHFR and pb 2 (167) RIC -DHFR became mature by processing peptidases in the matrix and were found in complex with Mdj1p (Fig. 6B) . In contrast, with pSu9(1-79)-DHFR no coimmunoprecipitation with Mdj1p was observed (Fig. 6B) .
In conclusion, precursor proteins stalled in the translocation channel are associated with Mdj1p when the segment reaching into the matrix is of a certain length. Mdj1p does not appear to be involved in mediating the binding of mt-Hsp70 to precursor proteins directly at the import machinery. Presumably, mtHsp70 undergoes cycles of binding to and release from the preprotein as longer segments become exposed to the matrix. Since Mdj1p also binds to the precursor protein at this late stage of import, it is very likely that Mdj1p in cooperation with mt-Hsp70 controls the productive folding of newly imported proteins during ongoing translocation.
DISCUSSION
During the process of protein synthesis at ribosomes, hydrophobic surfaces of nascent chains become exposed to the solvent. These chains are prone to aggregation as long as the synthesis of polypeptide domains competent for folding is not completed. Molecular chaperones are thought to be required to prevent misfolding and aggregation during translation (7, 17) . A polypeptide which is being translocated across a membrane in an unfolded state encounters the same situation; when the preprotein emerges from the translocation machinery, unproductive folding reactions must be prevented. In the present study, we investigated the involvement of Mdj1p in these processes, which allows us to assign to this DnaJ homolog the important role of a chaperone for both mitochondrially synthesized and imported proteins.
We have shown that mt-Hsp70 and Mdj1p are in a complex with nascent polypeptides synthesized by mitochondrial ribosomes. This is direct in vivo evidence that a DnaJ protein binds to newly synthesized proteins emerging from the ribosome. E. coli DnaJ, as well as its mammalian homolog Hsp40 and cyto- solic Hsp70, has been found to interact with nascent chains in in vitro systems (10, 18) . Circumstantial evidence that bacterial DnaJ and DnaK may interact with newly synthesized proteins in vivo exists, since they were found in association with translating ribosomes (11) . It is, however, still a matter of debate whether the binding of DnaJ and DnaK to nascent chains is of major importance in bacteria in vivo (22, 40) . In mitochondria, the functional relevance of the binding of Mdj1p and mtHsp70 to newly synthesized proteins is underscored by our observations made with temperature-sensitive mutants. We observed that the mitochondrially synthesized var1 protein is subject to pronounced aggregation in mdj1 mutant mitochondria, indicating that functional Mdj1p is required to keep var1 in a soluble, folding-and assembly-competent state after translation. Since Mdj1p interacts with nascent chains, it is very likely that it exerts its function as a chaperone during ongoing translation. As previously shown, mitochondria isolated from mt-Hsp70 mutants exhibit strong defects in the assembly of var1 into the mitochondrial ribosome and the assembly of ATPase 6 into the ATP synthase complex (21) . We propose that Mdj1p together with mt-Hsp70 binds to newly synthesized proteins while they are being translated at the mitochondrial ribosome and controls their productive folding. As shown in this study, Mdj1p interacts with translocation intermediates during import. Precursor proteins are imported into mitochondria in an unfolded conformation (9, 46) . Similar to the situation during translation, a preprotein in transit appears to require the assistance of molecular chaperones for subsequent folding reactions (30) . In the absence of Mdj1p, an enhanced amount of improperly folded protein was found after import (43) , underlining the functional relevance of the binding of Mdj1p to newly imported proteins. Mdj1p appears to participate in maintaining imported polypeptide chains in a folding-competent conformation and in mediating the transfer to other chaperones, such as Hsp60. Clearly, efficient folding cannot be achieved by mt-Hsp70 alone, at least with a majority of imported proteins.
Mdj1p cooperates with mt-Hsp70 not only in de novo folding but also in several other processes in the mitochondrial matrix, such as in protein degradation by the PIM1 protease and in the protection of proteins against heat-induced aggregation (38, 64) . On the other hand, the initial binding of mt-Hsp70 to incoming polypeptide chains appears to be independent of Mdj1p. Since translocation across the mitochondrial membranes is a largely reversible process (61), the binding of mtHsp70 to the preprotein has to occur directly at the site of import; the polypeptide has to be transferred to mt-Hsp70 before it has the chance to slide back. Presumably, the binding of mt-Hsp70 to the incoming precursor is much more efficient when mt-Hsp70 is directly recruited to the Tim complex. For this special process, Tim44 appears to assume the function of a DnaJ-like protein. Still, there is no apparent sequence homology between Tim44 and Mdj1p.
The similarities of the action of Hsp70 during protein translocation into mitochondria and the endoplasmic reticulum are intriguing. The endoplasmic reticulum lumenal Hsp70, Kar2p (BiP), is essential for mediating posttranslational translocation in S. cerevisiae (35, 62) . Kar2p interacts with Sec63p, an integral membrane protein possessing a lumenal J domain (4, 50) . During transport, Sec63p associates with the Sec61-translocase complex and recruits Kar2p to the site of translocation (4) . The function of Sec63p in the endoplasmic reticulum might be analogous to that of Tim44 in mitochondria; both components are part of the respective translocation machinery and assist Hsp70 in driving translocation. Interestingly, the DnaJ homolog Scj1p has recently been localized to the endoplasmic reticulum lumen, where it interacts with Kar2p (45). The function of Scj1p in the endoplasmic reticulum lumen is still unknown; however, it is tempting to speculate that Scj1p assists Kar2p as a cochaperone in folding reactions during or after import. Thus, the situation appears to be similar in mitochondria and the endoplasmic reticulum; evolutionarily conserved DnaJ proteins appear to assist Hsp70 proteins in their chaperone functions in the lumenal compartments. On the other hand, specialized components, namely, Tim44 and Sec63p, had to be developed during evolution to assist Hsp70s during protein transport.
The characterization of mdj1 mutants in the present study adds to our understanding of the structure and function of DnaJ proteins. Exchanges of conserved residues in the J domain of Mdj1p severely affect the function of Mdj1p. According to the recently reported nuclear magnetic resonance structure of the N-terminal 78 amino acids of E. coli DnaJ, the J domain consists of four alpha-helices, of which the N-terminal three form a structure with a hydrophobic core (23, 58) . The antiparallel helices II and III are connected by a flexible loop structure which contains the conserved HPD sequence which supposedly interacts with Hsp70 (58, 65) . The importance of these residues is underscored by our observation that the mutation of H-89 in Mdj1-2p leads to an almost complete knockout of the function of the protein, even at low temperatures. In contrast, A-108 (corresponding to A-53 in E. coli) and A-98 (corresponding to A-43 in E. coli) contribute to the hydrophobic interactions of the helices in the hydrophobic core. These mutations lead to temperature-sensitive phenotypes in mdj1-3 and mdj1-4. The highly conserved residues of the HPD motif thus appear to exert a function which is essential at all temperatures, presumably interaction with mt-Hsp70. On the other hand, the amino acid residues in the hydrophobic core might be important to stabilize the three-dimensional fold of the domain, which becomes destabilized in the mutants only at elevated temperatures.
Much less is known about the structure and function of the C-terminal parts of DnaJ proteins. Recently, a role for the zinc finger-like domains in substrate binding has been proposed. Truncated versions of E. coli DnaJ were able to prevent the aggregation of rhodanese only when the Cys motifs were present (56) . The accelerated aggregation of luciferase and enhanced aggregation of var1 in the mdj1-5 mutant suggest that in Mdj1p, this motif also plays an important role in binding to the unfolded-protein substrate. The function of the C-terminal third of DnaJ proteins is completely unknown. Fragments of E. coli DnaJ lacking this portion are still active in stimulating DnaK's ATPase activity and are partially active in the prevention of rhodanese aggregation. The C-terminal part of DnaJ is, however, necessary to cooperate with DnaK in protein refolding (56) . The strong effects observed in the mdj1-6 and mdj1-7 mutants imply that this region plays an important role in the function of Mdj1p.
